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Abstract 

For  preparation  of  solid  oxide  fuel  cell  functional  anode  (Ni-YSZ)  by  electroless  deposition  technique,  surface  adsorption  of  metallic  palladium 
(Pd°)  on  zirconia  is  the  most  important  step  during  the  sensitization  process.  For  the  sensitization  process,  the  initial  reaction  kinetics  are  based 
on  external  mass  transfer  followed  by  intra-particle  mass  transfer  phenomena.  A  kinetic  model  for  the  reversible  sorption  of  Pd°  on  zirconia  is 
developed  that  incorporates  an  effectiveness  factor  (p)  which  estimates  the  extent  of  intra-particle  mass  transfer.  Based  on  the  proposed  model, 
an  expression  for  Pd°  uptake  at  equilibrium  (p),  an  important  property  of  YSZ,  is  developed.  The  theoretical  kinetic  model  proposed  is  verified 
with  experimental  parameters  like  electrical  properties  of  these  functional  anodes  prepared  under  various  sensitization  conditions,  e.g.,  agitation 
frequencies,  equilibration  time  etc.  Due  to  intra-particle  mass  transfer,  the  concentration  gradient  of  Pd°  from  the  surface  of  Y SZ  to  bulk  is  minimized 
which  favours  uniform  deposition  of  Ni  on  YSZ.  Consequently,  during  subsequent  electroless  deposition  of  metallic  Ni,  the  concentration  gradient 
of  the  same  is  reduced  from  the  bulk  to  the  YSZ  surface  and  results  in  enhanced  functionality  in  the  cermet  anode.  The  validation  is  correlated 
with  the  electrical  properties  and  surface  morphologies  of  these  functional  cermets. 

©  2007  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

For  the  anode- supported  solid  oxide  fuel  cell  (SOFC),  the 
most  important  cell  component  is  the  anode  support.  Apart  from 
high  electronic  conductivity,  anode  should  have  sufficient  inter¬ 
connected  porosity  for  proper  percolation  of  the  fuel  and  also 
to  provide  the  effective  number  of  electrocatalytic  sites  for  oxi¬ 
dation  of  the  fuel  [1-3].  A  functional  anode  with  core-shell 
microstructures  can  reduce  the  Ni-content  in  the  cermet  even 
up  to  ~25  vol.%  compared  with  40  vol.%  in  conventionally  pre¬ 
pared  nickel-yittria  stabilized  zirconia  (Ni-YSZ)  cermet  [4].  It 
is  expected  that  these  improved  properties  may  help  in  reducing 
the  mismatch  of  coefficient  of  thermal  expansion  between  Ni 
and  YSZ  and  may  also  solve  the  Ni  coarsening  problem  during 
long-term  SOFC  operation  [4-6] .  The  functional  anode  prepared 
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by  electroless  technique  involves  an  initial  sensitization  pro¬ 
cess  which  is  the  surface  adsorption  of  metallic  palladium  (Pd°) 
on  YSZ  under  high  energy  ultrasonification.  Power  ultrasound 
has  been  found  to  have  a  profound  influence  on  chemical  reac¬ 
tions  conducted  in  liquid  phase,  irrespective  of  whether  they  are 
homogeneous  or  heterogeneous  in  nature,  and  can  cause  a  num¬ 
ber  of  chemical  effects  [7-9].  This  high-energy  sonochemical 
reaction  is  used  for  sensitization  of  zirconia  by  surface  adsorp¬ 
tion  of  Pd°  that  forms  instantaneously  in  the  redox  sensitization 
bath  as  follows: 

SnCl2  +  PdCl2  — »■  SnCl4+Pd°  (1) 

Pd°  adsorption  on  YSZ  powder  is  an  example  of  physisorp- 
tion  because  metallic  palladium  is  held  by  Van  der  Waals 
interaction  with  the  YSZ  precursor  powder.  Therefore,  Pd° 
adsorption  kinetics  mainly  involve  two  processes:  (i)  the  exter¬ 
nal  mass  transfer  of  Pd°  species  from  the  bulk  solution  to  the 
surface  of  YSZ  and  (ii)  the  intra-particle  mass  transfer  of  Pd° 
in  the  pores  and  on  the  YSZ  surface  [10].  An  apparent  kinetics 
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takes  into  account  the  effects  of  both  the  chemical  and  physical 
rate  processes  and  various  physical  process  parameters,  such  as: 
(i)  flow  conditions,  (ii)  intensity  of  mixing  and  (iii)  heat  and 
mass  transfer  in  the  system,  which  can  influence  the  kinetic  rate 
[11-14]. 

The  development  of  reversible  sorption  kinetics  of  the 
sensitization  process  is  essential  for  understanding  the  basic 
mechanisms  of  surface  adsorption  of  Pd°  on  YSZ  particulates 
that  govern  the  formation  of  core-shell  structure  in  the  func¬ 
tional  cermet.  The  understanding  of  this  physisorption  process  is 
mandatory  for  effective  formation  of  the  Ni  shell  around  the  Y SZ 
core  that  enhances  the  functionality  by  increasing  the  overall 
triple-phase  boundary  length  required  for  electrocatalytic  oxida¬ 
tion  of  the  fuel.  This  is  reflected  in  the  attainment  of  a  transient 
equilibrium  during  the  sensitization  process.  Various  sensitiza¬ 
tion  conditions,  e.g.,  agitation  frequencies,  equilibration  time  etc 
will  have  a  pronounced  effect  on  the  overall  electrical  properties 
of  these  functional  anodes. 

In  the  present  investigation,  a  reversible  kinetic  model  for  the 
adsorption  process  during  sensitization  of  YSZ  is  proposed  and 
validated  with  relevant  experimental  evidence.  In  the  present 
context,  an  effectiveness  factor  (q)  has  been  introduced  to  esti¬ 
mate  the  effect  of  intra-particle  mass  transfer.  This  modification 
simplifies  the  evaluation  of  intra-particle  mass  transfer  by  avoid¬ 
ing  consideration  of  the  distribution  of  solute  concentration  in 
the  pores  of  YSZ  adsorbent. 

2.  Proposed  kinetic  model 

2.7.  Adsorption  kinetics  ofPd0  on  YSZ  particulates 

The  adsorption  process  is  mainly  governed  by  the  intra¬ 
particle  mass  transfer  phenomena  because  the  effect  of  external 
mass  transfer  can  be  eliminated  by  intensive  agitation  as  will  be 
shown  in  the  subsequent  sections.  Intra-particle  mass  transfer 
involves  not  only  surface  and  molecular  diffusion  but  also  diffu¬ 
sion  in  the  pores  of  the  particle.  These  effects  can  be  expressed 
by  an  effectiveness  factor  (rj)  which  can  be  defined  as: 

=  -  (2) 

A 

where  rs  and  rp  are  the  actual  adsorption  rate  and  the  same 
evaluated  at  the  outer  surface  condition,  respectively  [15]. 

2.2.  Derivation  of  expression  for  rs 

YSZ  sensitization  process  can  be  represented  by  the  follow¬ 
ing  equation: 

YSZ  +  Pd°  ->  YSZ-Pd°  (3) 

where  YSZ-Pd°  represents  weak  Van  der  Waals  interaction 
between  YSZ  and  Pd°. 

Applying  the  mass  action  law  to  the  reaction  given  in  Eq.  (3), 
the  rate  of  formation  of  YSZ-Pd°  is  given  as 

d[YSZ— Pd°] 

rs  =  - 

At 

=  k\  e_£|/RT[Pd°||  YSZ|  -  k2  e-£2/RT[YSZ-Pd°]  (4) 


Since  the  unoccupied  surface  active  sites  of  YSZ  are  equal  to  the 
difference  between  the  total  active  sites  (YSZt)  and  the  occupied 
surface  active  sites  (YSZ-Pd°),  Eq.  (4)  can  be  written  as 

d[YSZ— Pd°] 

rs  =  - 

d  t 

=  k\  e~£|/RT|Pd°||  YSZ,  -  YSZ-Pd°] 

-£2e“£2/RT[YSZ— Pd°]  (5) 

where  []  denote  the  concentration  (ppm)  of  the  involved  species, 
YSZ  the  adsorbent,  Pd°  the  adsorbate,  R  the  universal  gas  con¬ 
stant,  T  the  experimental  absolute  temperature  and  k\ ?  k^  and  E\ , 
E2  are  the  frequency  (or  pre-exponential)  factors  and  activation 
energies  for  the  forward  and  backward  reactions,  respectively, 
which  are  involved  in  the  rate  equation  proposed  by  transition 
state  theory. 

Thus,  Eq.  (5)  can  also  be  written  as 

d[YSZ— Pd°] 

rq  =  - 

At 

=  k'ads  [Pd°]  [YSZr  -  YSZ— Pd°]  -  k'des  [YSZ-Pd°]  (6) 

where  k'ads  =  k\  e-£i/RT  (ppm-1  min-1)  and  k'des  = 
k2  e-^2/RT  (min-1) 

Eq.  (6)  could  be  further  simplified  as 

p  =  [YSZ— Pd°],  pm  =  [YSZf],  q  =  [Pd°] 


rs  =  Kds^Pm  ~  P)  ~  *4s P  (7) 

Eq.  (2)  can  now  be  written  as 

rp  =  rjrs  =  q[k'adsq(pm  -  p)  -  kdesp ]  (8) 


2.3.  External  mass  transfer  model 


The  external  mass  transfer  model  describes  the  change  in 
adsorbate  concentration  with  time.  It  can  be  expressed  as 

dq 

=  k{am(q  -  qt)  (9) 


where  kf  is  the  mass  transfer  coefficient  between  the  bulk  solu¬ 
tion  and  sorbent  surface  (cm  min-1),  am  the  volumetric  specific 
area  of  the  adsorbent  (cm2  cm-3),  q  and  qt  are  the  sorbate  con¬ 
centrations  (ppm)  in  the  bulk  solution  and  at  the  surface  of  YSZ, 
respectively. 

Assuming  the  YSZ  particles  to  be  spherical  [16],  an  equation 
for  volumetric  specific  area  ( am )  can  be  written  as 

6m  6m 

am  =  - =  -  (10) 

^pPp(l  —  £p)  ^pPb 


where  m,  <7p,  pp,  pb>  £p  are  the  concentration  (gem-3),  the 
average  size  (|xm),  theoretical  density  (gem-3),  bulk  density 
(g  cm-3)  and  porosity  of  YSZ,  respectively. 

When  external  mass  transfer  is  the  controlling  step,  the 
surface  concentration  of  metallic  palladium  (sorbate)  is  approx¬ 
imately  constant.  Taking  the  overall  mass  conservation  into 
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consideration,  the  bulk  concentration  can  be  written  as 
pM 

q  =  qo - 

V 


(11) 


where  qo,p,M  and  v  are  the  initial  concentration  of  Pd2+  (ppm) 
used  (in  the  form  of  PdCl2  solution),  the  Pd°  uptake  at  equilib¬ 
rium  (ppmg-1),  the  mass  quantity  of  YSZ  powder  (g)  and  the 
water  volume  (ml)  in  the  sensitized  bath,  respectively. 

Substituting  q ,  from  Eq.  (1 1)  to  Eq  (9)  gives: 


d p  _  vkf am(q  ~  qt) 
d  t~  M 


(12) 


Using  Eqs.  (12)  and  (6),  the  expression  for  maximum  adsorption 
capacity  can  be  written  as 


boundary  conditions:  at  t  =  0,  q  =  qo  (considering  total  reduction 
of  Pd2+  to  Pd°);  and  at  t  =  t,  q  =  q: 

i  qo  qt  j 

In  —  kfamt  (IV) 

q  -  qt 

2.4.  Model  solution  of  proposed  adsorption  kinetics 


From  Eqs.  (8)  and  (11), 


rv  =  qrs  =  r] 


(Pm 


P )  -  ^des  P 


(Pm 


P)  ~  *des  P 


(18) 


Integrating  Eq.  (18),  the  expression  for  Pd°  uptake  at  equi¬ 
librium  (p)  can  be  written  as 


B/C  -  -  (4A/C)  - 

|(B/C)+  vWc)2  -  (4A/C)] 

[exp  ( 

2.303 

V  t  C \J (B/  C)2  -  (4A/C)J 

exp  | 

(2.303  t]  t  C\/{B/C)2  -  (4 A/C) 

H 

d[YSZ-Pd°]  dp  vktam(q-qt ) 

's  = - * - =  d7  =  ~P)~  k^P  =  - M - 


<7t  = 


rkfamg/M  +  k'^p 
Kds(Pm  ~  P)  +  kfamv/M 


(13) 


where: 

■1  ^ads  Prn^?0 

(  <dsPmM 


B  =  - 


+  ^ads^O  +  ^des 


When  the  external  mass  transfer  is  the  controlling  step,  i.e. 
kfamv/M  <$C  ^ads(Pm  —  P)  an(l  kfdm  has  a  small  value,  Eq.  (13) 
can  be  modified  as 


C  = 


<ds  M 


3.  Experimental 


(20) 

(21) 

(22) 


qt  _  4s  P 

KdS(p™  -  p) 


(14) 


Assuming  the  sorption  isotherm  to  follow  the  Langmuir  equa¬ 
tion,  expression  for  the  Pd°  uptake  at  equilibrium  ( p  in  ppm  g~ 1 ) 
can  be  written  as 


Pmqs 

1  +  K\qs 


(15) 


where  K\  is  the  equilibrium  constant  (ppm -1),pm  the  maximum 
sorption  capacity  of  the  sorbent  (ppm  g_1 )  and  qs  is  the  total  Pd° 
concentration  in  solution  (ppm). 

Substituting  Eq.  (15)  into  Eq.  (14)  yields: 


qt 


^des^lffs 

k' 

^ads 


Given  that  K\  =  k'ads/ k'des,  the  above  equation  can  be  written 
as 


The  above  proposed  kinetic  model  is  validated  by  the  follow¬ 
ing  experiments. 

3. 1.  Particle- size  distribution  of  YSZ  adsorbent 

Experiments  were  performed  using  two  types  of  YSZ  pow¬ 
der  namely:  (i)  TZ-8Y,  from  Tosho  Corporation,  Japan  (J50 
~0.2  p,m  and  henceforth  referred  to  as  YSZ-Tosho),  (ii)  FYT 
from  Unitech  Corporation,  UK  (J50  ~3  |mm  and  henceforth 
referred  to  as  YSZ-Unitec).  YSZ-Tosho  was  further  processed 
to  increase  the  J50  value  to  ~27  p,m.  In  the  present  context,  three 
different  size  fractions  of  YSZ  powders  were  used  to  investigate 
the  effect  of  particle  size  on  the  sorption  kinetics  of  metallic 
palladium  (Pd°),  which  is  the  rate-controlling  step  for  elec¬ 
troless  deposition.  Fig.  1  shows  an  inverse  linear  relationship 
between  bulk  density  and  particle  size  of  the  adsorbent  (YSZ 
powders),  from  which  it  is  clear  that  the  bulk  density  decreases 
with  increase  in  particle  size  of  the  YSZ  powder. 


qt  =  qs  (16) 

It  is  to  be  noted  that  Eq.  (16)  is  applicable  only  at  maxi¬ 
mum  adsorption  capacity  when  it  is  considered  that  the  total 
Pd°  formed  gets  adsorbed  on  the  sensitized  YSZ  surface. 

As  qt  is  related  to  the  equilibrium  concentration,  which  is 
independent  of  time,  Eq.  (9)  can  be  integrated  with  the  following 


3.2.  Sorption  kinetics  with  variable  agitation  frequencies 

An  adsorption  study  of  Pd°  on  YSZ  was  carried  out  with 
the  help  of  a  high-energy  ultrasonifier  (BRANSON,  SONIFIER 
450)  with  an  adjustable  agitation  frequency.  While  starting  the 
process,  the  required  amount  of  YSZ  powder  was  added  to  a 
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redox  bath  that  contained  0.00 1(M)  palladium  chloride  solution 
and  0.265(M)  stannous  chloride  solution.  Metallic  palladium 
(Pd°),  produced  in  situ  (reaction  given  in  Eq.  (1)),  was  adsorbed 
on  the  YSZ  surface  upon  placing  the  redox  bath  under  a  high 
energy  ultrasonifier  for  20  min  at  room  temperature  and  in  the 
agitation  frequency  range  of  10-16  kHz.  The  sensitized  bath 
was  then  kept  for  attaining  equilibrium  for  effective  adsorption 
of  Pd°  and  complete  precipitation  of  sensitized  YSZ  powder. 
In  order  to  determine  the  adsorbed  concentration  of  Pd°  (< qt )  on 
the  YSZ  surface,  a  certain  aliquot  from  the  supernatant  solution 
of  the  sensitized  bath  was  collected  at  a  definite  time  interval 
and  the  residual  concentration  of  Pd2+  in  the  supernatant  solu¬ 
tion  was  measured  with  the  help  of  an  inductive  coupled  plasma 
atomic  emission  spectrophotometer  (Spectro  Analysis  Instru¬ 
ment,  Kleve,  Germany).  The  concentration  of  the  adsorbed  Pd° 
is  calculated  from  the  difference  between  the  initial  Pd2+  and 
the  residual  Pd2+  (in  the  supernatant  liquid)  concentration. 

Adsorption  being  reversible  in  nature,  simultaneous  adsorp¬ 
tion  and  desorption  occur  at  the  adsorbent  surface  and  is 
generally  known  as  sorption.  The  equilibration  time  is  one  of 
the  crucial  factors  and  is  unique  for  a  particular  sorbent  species. 
It  is  considered  that  the  total  Pd°  formed  during  the  sensitization 
process  is  adsorbed  on  the  YSZ  surface  provided  the  sorbent  is 
allowed  to  attain  the  transient  equilibrium.  However,  the  small 
amount  of  Pd°  desorbed  during  the  equilibrium  sorption  process 
is  also  taken  into  consideration  during  the  reversible  sorption 
kinetics. 

3.3.  Electroless  deposition  ofNi  on  to  sensitized  YSZ  at 
different  equilibration  time  intervals 

The  YSZ  particulates  sensitized  at  different  time  intervals 
of  equilibration  process  were  subjected  to  an  electroless  bath 
[4,5,17].  The  flow  chart  of  the  process  is  shown  in  Fig.  2.  The 
reaction  bath  is  kept  constant  at  ammoniacal  pH  and  a  tempera¬ 
ture  80-90  °C.  The  reduction  of  Ni2+  from  nickel  nitrate  solution 
was  carried  out  by  in  situ  liberation  of  the  nascent  hydrogen 
generated  from  a  quantified  addition  of  hydrazinehydrate. 


3.4.  Conductivity  measurements  of  Ni-YSZ  cermets 

As- synthesized  Ni-YSZ  powders,  prepared  by  electroless 
deposition  on  YSZ  equilibrated  in  the  sensitization  baths  for 
different  periods  of  time,  were  mixed  with  1.5  wt.%  polyvinyl 
butyral  (PVB)  binder  and  pressed  uniaxially  in  the  form  of  green 
compacts  of  dimension  25  mm  x  10  mm  x  3  mm  under  a  spe¬ 
cific  pressure  of  170  MPa.  The  green  compacts  were  sintered 
in  air  at  a  temperature  of  1400  °C  for  6  h.  The  sintered  samples 
were  then  reduced  at  1000  °C  under  a  gaseous  flow  of  argon  and 
hydrogen  (4:1)  for  10  h  and  thus  Ni-YSZ  cermet  bulk  samples 
were  produced.  Conductivities  of  the  reduced  Ni-YSZ  sam¬ 
ples  as  a  function  of  temperature  were  measured  using  standard 
4-probe  dc  measurement  technique  using  a  81/2  digit  multi¬ 
meter  (Keithley,  Model  2002).  The  corresponding  conductivity 
values  in  various  temperatures  were  then  calculated  using  the 
formula: 


where  a  is  the  conductivity,  R  the  4-probe  resistance  of  the  sam¬ 
ples  measured,  L  the  length  between  the  two  voltage  probes,  b 
the  breadth  and  t  is  the  sample  thickness. 

3.5.  Surface  morphologies  of  Ni-YSZ  cermets  at  different 
equilibration  time  intervals 

The  highly  polished  microstructures  of  the  Ni-YSZ  func¬ 
tional  cermets  prepared  with  sensitized  YSZ  at  different 
equilibration  times  of  the  adsorption  regimes  were  observed 
with  a  high  resolution  optical  microscope  (Olympus  GX  71, 
Japan).  The  microstructures  of  conventionally  prepared  Ni-Y SZ 
cermets  were  also  studied  with  the  same  microscope. 

4.  Results  and  discussion 

4.1.  Effect  of  particle  size  of  YSZ  on  sorption  kinetics 

Kinetic  experiments  to  study  the  effect  of  particle  size  of 
sorbent  were  carried  out  at  the  highest  sonochemical  agitation 
frequency  of  16  kHz.  It  has  been  already  mentioned  that  in  the 
present  context  three  different  particle  sizes  of  YSZ  powder 
(0.2  pm,  27  pm  of  YSZ-Tosho  and  3  pm  of  YSZ-Unitec)  were 
used  to  study  the  size  effect  on  the  adsorption  kinetics  of  Pd°  on 
YSZ  powder.  The  volumetric  specific  areas  of  the  YSZ  powders 
of  varying  particle  size  (0.2  pm  and  27  pm  of  YSZ-Tosho  and 
3  pm  of  YSZ-Unitec)  were  determined  from  Eq.  (10)  and  are 
summarized  in  Table  1 .  It  is  observed  that  with  increase  in  parti¬ 
cle  size  of  adsorbent,  the  value  of  the  bulk  density  decreases  and 
thereby  decreases  the  volumetric  specific  area,  which  is  evident 
from  Eq.  (10). 

Table  1 

Determination  of  volumetric  specific  area  of  precursor  YSZ  powders  ( m  = 
0.0267  gcnT3) 

Particle  size  (dp)  (|xm)  0.2  3  27 

Bulk  density  (pb)  (gem-3)  2.6  2.3  1.3 

Volumetric  specific  area  (am)  (cm2  cm-3)  3081  231  46 
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Fig.  2.  Process  flow  chart  for  preparation  of  functional  SOFC  cermet. 


Fig.  3  shows  the  dependence  of  the  adsorption  capacity 
(qt)  of  YSZ  with  variation  of  time  and  establishes  the  particle 
size  dependent  equilibrium  adsorption  capacity  (qe).  It  can  be 
concluded  that  specially  treated  YSZ-Tosho  powder  with  par¬ 
ticle  size  of  27  [xm  is  most  effective  and  optimum  for  surface 


adsorption  of  Pd°,  which  is  strongly  supported  from  the  highest 
equilibrium  Pd°  concentration  value  (qe)  of  95.243  ppm.  With 
increase  in  particle  size  of  the  sorbent  (from  0.2  to  27  pan),  the 
uptake  of  Pd°  increases.  At  this  optimum  size,  the  extent  of  phys¬ 
ical  Van  der  Waals  interaction  among  the  interacting  species  is 
expected  to  be  strong  enough  and  this  results  in  better  adsorption 
in  comparison  to  smaller  YSZ  particle  sizes. 

4.2.  Effect  of  sono chemical  agitation  frequency  on  sorption 
kinetics 

Specially  treated  YSZ-Tosho  powder  (Jp  ~27  jxm)  is  most 
effective  and  optimum  for  surface  adsorption  of  Pd°,  which  is 
strongly  supported  from  the  highest  equilibrium  Pd°  concen¬ 
tration  value  (ge)  as  discussed  in  the  previous  section.  Thus, 
the  aforesaid  experimental  YSZ  powder  is  used  to  study  the 
effect  of  varying  sonochemical  agitation  frequencies  (10,  12, 
14  and  16  kHz).  The  results  in  Fig.  4  shows  that  the  sorption 
of  Pd°  by  YSZ-Tosho  powder  is  faster  at  higher  frequency 
(16  kHz).  It  can  be  easily  observed  from  the  graph  that  in  all 
cases,  the  equilibrium  concentration  value  (ge)  of  adsorbed  Pd° 
approaches  a  constant  value  of  95.243  ppm  but  the  equilib¬ 
rium  state  is  reached  quickly  at  a  relatively  higher  frequency. 
An  increase  in  the  adsorption  rate  with  increase  in  agita- 
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Fig.  4.  Effect  of  agitation  frequency  on  sorption  capacity  (< qt )  of  Pd°  by  YSZ- 
Tosho  powder  (dp  ~  27  fxm). 


Fig.  5.  Effect  of  agitation  frequency  on  sorption  capacity  ( qt )  of  Pd°  by  YSZ- 
Tosho  powder  (dp  ~  27  |xm)  up  to  experimental  time  interval. 


tion  frequency  can  be  explained  by  an  enhanced  turbulence 
in  the  solution  (sensitized  bath)  which  results  in  a  decreased 
thickness  of  liquid  boundary  layer  surrounding  particles  that 
leads  to  an  increase  in  external  mass  transfer  coefficient.  At 
highest  agitation  frequency  value  of  16  kHz,  the  boundary 
layer  becomes  very  thin  and  approaches  a  laminar  sub-layer. 
Under  these  conditions,  the  external  mass  transfer  resistance 
and  coefficient  values  are  almost  constant  and  thus  can  be 
neglected. 

4.3.  Application  of  external  mass  transfer  coefficient  on 
sorption  kinetics 

Adsorption  of  Pd°  on  YSZ  particulate  is  governed  mainly 
by  external  mass  transfer  and  intra-particle  mass  transfer  phe¬ 
nomena.  From  Fig.  4,  it  is  clear  that  depending  on  the  time, 
the  kinetics  for  Pd°  adsorption  proceeds  at  two  different  rates 
[18,19].  Initially  (up  to  nearly  500  min),  the  adsorption  proceeds 
very  fast,  which  is  indicated  by  a  much  steeper  slope  in  the  graph 
(Fig.  4).  The  high  initial  rate  of  Pd°  uptake  suggests  that  the 
adsorption  occurs  mainly  at  the  sorbent  (YSZ)  surface  and  the 
external  mass  transfer  plays  an  active  role  during  this  period 
of  time.  This  is  followed  by  a  longer  period  of  slower  adsorp¬ 
tion  (plateau  region  in  the  graph)  up  to  2500  min.  This  behaviour 
indicates  that  the  mechanism  of  intra-particle  mass  transfer  (dif¬ 
fusion  technique)  is  also  involved  in  the  sorption  kinetic  model 
and  is  represented  by  the  slower  adsorption  rate,  as  mentioned 
above.  The  variation  of  external  mass  transfer  governed  sorp¬ 
tion  capacity  ( qt )  for  the  initial  250  min  is  shown  in  Fig.  5.  It 
is  clear  that  at  the  beginning  of  sorption,  external  mass  trans¬ 
fer  controls  the  process  and  the  surface  reaction  is  fast.  With 
time,  the  driving  force  for  external  mass  transfer  in  the  pores 
decreases  resulting  from  a  decrease  of  Pd°  concentration  in  the 
solution  and,  consequently,  the  mass  transfer  of  metallic  pal¬ 
ladium  becomes  the  main  resistance.  Fig.  5  is  valid  up  to  an 
equilibration  time  of  250  min  where  the  change  of  adsorbate 
concentration  with  time  according  to  the  external  mass  trans¬ 


fer  model  follows  first-order  kinetics.  An  experimental  linear  fit 
of  the  external  mass  transfer  model  (Eq.  (17))  for  Pd°  adsorp¬ 
tion  kinetics  up  to  250  min  at  different  agitation  frequencies  is 
shown  in  Fig.  6.  The  values  of  the  volumetric  external  mass 
transfer  coefficient  ( ky ),  which  is  equal  to  the  product  of  the 
external  mass  transfer  coefficient  (i kf )  and  the  specific  area  of 
the  YSZ  particle,  are  obtained  from  the  slopes  of  Fig.  6  and  are 
tabulated  along  with  the  corresponding  kf  values  in  Table  2.  It 
is  observed  that  with  increase  in  agitation  frequency,  the  vol¬ 
umetric  mass  transfer  coefficient  increases  and,  therefore,  for 
a  particular  YSZ  adsorbent  with  a  definite  volumetric  specific 
area,  the  external  mass  transfer  coefficient  increase  which  also 
supports  that  the  adsorption  regime  is  controlled  primary  by 
external  mass  transfer. 


4.4.  Application  of  intra-particle  mass  transfer  model  on 
sorption  kinetics 


To  obtain  the  equilibrium  constant  (K\)  for  Pd°  adsorption 
on  specially-treated  YSZ-Tosho  (dv  ~  27  |mm)  for  the  reaction 
given  in  Eq.  (3),  the  Langmuir  adsorption  isotherm  (Eq.  (15))  is 
used  and  can  be  linearly  expressed  as 


P  Pm  ^lWs 


<h  =  <h_  1 

P  Pm  K\Pm 


(25) 


Eq.  (25)  is  used  to  fit  the  data  in  Fig.  4;  the  results  are  given  in 
Fig.  7.  As  the  parameters  in  the  Langmuir  equation  are  governed 


Table  2 

The  external  and  volumetric  mass  transfer  coefficients  at  different  agitation 
frequency  (dp  ~  27  |xm  and  am  =  45.99  cm2  cm-3) 

Agitation  frequency  (kHz)  10  12  14  16 

£fexP(xl0-5  cmmin-1)  2.68  3.31  3.40  5.72 

fcvexp  (xl0-3min-‘)  1.23  1.52  1.57  2.63 


(6)  d/sb 
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Fig.  6.  Variation  of  In  ( qo  —  qt!q  —  qt )  vs.  time  for  Pd°  adsorption  with  agitation  frequencies  (v)  of:  (a)  10kHz,  (b)12kHz,  (c)14kHz  and  (d)16kHz. 


by  the  equilibrium  state  of  a  time-dependent  reversible  process, 
Eq.  (25)  can  only  be  applied  in  the  transient  equilibrium  range 
(from  1000  to  2500  min)  shown  in  Fig.  4.  It  can  be  seen  from  the 
linear  fit  of  Fig.  7,  that  the  Fangmuir  adsorption  isotherm  is  valid 
in  the  latter  stage  of  Pd°  adsorption  (Fig.  4),  where  the  kinetics 
is  governed  entirely  by  intra-particle  mass  transfer  phenomena 
and  is  responsible  for  the  slower  adsorption  rate. 


4.4.1.  Determination  ofr]  (effectiveness  factor) 

For  any  reversible  reaction  as  given  in  Eq.  (3),  the  equilibrium 
constant  can  be  written  in  terms  of  the  forward  and  backward 
rate  constants  as 

Ki  =  ^  (26) 

^des 

Therefore,  using  Eq.  (26),  Eqs.  (20)-(22)  can  be  modified  as 


B 

C 


qt)V  v 
Pm  +  M  +  MK\ 


Fig.  7.  Linear  Variation  of  q!p  vs.  q. 


(27) 
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Table  3 


Comparative  electrical  conductivities  of  SOFC  anodes  prepared  by  different  techniques 

Temperature  (°C)  Functional  anodes 

Conventional 

Transient  equilibrated  sensitized  bath  (28  vol.%  Ni) 

Non-transient  equilibrated  sensitized  bath  (37  vol.%Ni) 

Solid  state  (40  vol.%  Ni) 

Conductivities  of  Ni-YSZ  cermet  (S  cm-1) 

1000  264.54 

800  489.59 

205.82 

486.19 

149.11 

505.73 

and 

'  =  (28) 
CM 

Considering  the  average  equilibration  time  at  1750  min 
(Fig.  3)  and  q  =  qs  in  Eq.  (15),  theoretical  adsorbate  uptake  at 
equilibrium  ( p )  can  be  calculated  from  the  Langmuir  isotherm 
(Eq.  (15)). 

Using  Eqs.  (26)-(28)  and  the  calculated  value  of  p ,  Eq.  (19) 


can  be  solved  as 

riKd s  =  7.595  ml  (g  min)-1 

(29) 

r]k'des  =  3-45  x  10-4min-1 

(30) 

The  physical  significance  of  r\  >  0  is  that  diffusional  resis¬ 
tances  favour  the  forward  reaction  rate  (adsorption)  whereas, 
r\  <  0  promote  the  desorption  rate  [15].  Thus,  from  Eqs.  (29)  and 
(30),  it  can  be  proposed  that  the  diffusion  process  (intra-particle 
mass  transfer)  not  only  favours  the  attainment  of  an  adsorp¬ 
tion  equilibrium,  but  at  the  same  time,  it  favours  the  adsorption 
rate.  As  k'ads  >>  k'des  (evident  from  Eqs.  (29)  and  (30))  and 
r\  has  a  positive  value  in  the  equilibrium  region  of  adsorption 
kinetics,  the  same  is  preferred  over  the  backward  desorption 
kinetics.  Consequently,  the  concentration  gradient  of  Pd°  from 
the  Y SZ  surface  to  the  bulk  is  minimized  and  thereby  reduces  the 
Ni  concentration  gradient  during  subsequent  electroless  deposi¬ 
tion  from  the  bulk  to  YSZ  surface,  which,  in  turn,  enhances  the 
functionality  of  the  materials  for  fuel  cell  applications. 

4.5.  Effect  of  equilibration  time  on  enhancement  of 
functionality 

4.5.1.  Electrical  characterization 

Fig.  8  shows  the  electrical  conductivity  values  at  800  °C 
of  SOFC  functional  anodes  (prepared  with  transient  and  non¬ 
transient  equilibrated  sensitized  bath)  compared  with  those  of 
the  conventionally  prepared  anodes.  The  conductivity  percola¬ 
tion  threshold  is  brought  down  to  ~28  vol.%  Ni  in  the  functional 
anode  prepared  with  transient  equilibrated  sensitized  bath  in 
comparison  with  ~40  vol.%  Ni  for  conventionally  prepared 
samples.  The  functional  anodes  prepared  with  non-transient 


Fig.  8.  Comparative  electrical  conductivities  of  Ni-YSZ  cermet  prepared  by 
different  techniques. 


equilibrated  sensitized  bath  does  not  show  much  improvement 
in  lowering  the  vol.%  of  Ni  in  the  cermet  matrix  for  attaining  the 
required  upper  percolation  threshold  for  the  electrical  conduc¬ 
tivity  that  is  required  for  SOFC  applications.  The  comparative 
electrical  conductivities  of  functional  and  conventional  anodes 
are  given  in  Table  3. 

Arrhenius  plots  for  the  reduced  Ni-YSZ  samples  for  func¬ 
tional  anodes  prepared  at  transient  and  non-transient  equilibrated 
state  of  sensitization  are  given  in  Fig.  9  and  compared  with 
that  obtained  from  conventional  solid-state  synthesis.  The 
corresponding  activation  energies  for  their  conductivities  are 
compared  in  Table  4.  The  nature  of  conduction  is  predomi¬ 
nantly  metallic.  For  the  functional  anode  prepared  with  transient 
and  non-transient  equilibrated  sensitized  bath,  conduction  starts 
from  15  vol.%  Ni  onwards.  For  a  conventional  solid  state  syn¬ 
thesis,  however,  reasonable  conductivity  starts  from  30  vol.% 
Ni.  The  important  role  of  equilibration  time  during  the  sensiti¬ 
zation  process  can  be  noted  from  the  activation  energies  given 
in  Table  4.  The  activation  energy  values  for  functional  anodes 
prepared  with  transient  equilibrated  sensitized  bath  are  less  than 
those  prepared  from  non-transient  equilibrated  sensitized  bath 


Table  4 

Activation  energies  for  electrical  conductivities 


vol.%  of  Ni  content 

15 

20 

25 

28 

30 

37 

40 

Fact  (kJ  mol-1),  transient  equilibrium 

23.59 

21.76 

16.77 

16.56 

16.44 

40.09 

Eact  (kJ  mol-1),  non-transient  equilibrium 

38.01 

36.24 

33.17 

- 

32.96 

32.71 

36.09 

£act  (kJmol-1),  solid  state 

- 

- 

- 

- 

43.18 

49.31 
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Fig.  10.  Optical  micrographs  of  functional  Ni-YSZ  cermet:  (a)  transient  equi¬ 
librium  adsorption,  (b)  non-equilibrium  adsorption  and  (c)  optical  micrograph 
of  conventionally  prepared  Ni-YSZ  cermet. 


Fig.  9.  Arrhenius  plots  of  electrical  conductivities  as  a  function  of  nickel  content 
for:  (a)  functional  anodes  prepared  with  transient  equilibrated  sensitized  bath, 
(b)  functional  anode  prepared  with  non-transient  equilibrated  sensitized  bath 
and  (c)  conventionally  prepared  anode. 
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up  to  30  vol.%  of  Ni.  From  this  observation,  it  may  be  concluded 
that  in  the  former  process,  attainment  of  transient  equilibrium 
leads  to  the  formation  of  a  prominent  core-shell  structure  that 
makes  the  electronic  path  continuous  in  the  cermets  and  thereby 
increases  the  conductivity  at  lower  activation  energy  in  com¬ 
parison  with  the  functional  anodes  prepared  in  a  non-transient 
equilibrated  state.  By  contrast,  a  reverse  trend  of  activation 
energies  in  the  functional  anodes  is  observed  at  40  vol.%  Ni. 
Formation  of  a  dense  core-shell  structure  at  40  vol.%  Ni  in  the 
functional  anode  prepared  at  a  transient  equilibrated  state  results 
in  a  higher  rate  of  change  of  conductivity  with  temperature.  This 
implies  that  the  transient  equilibrated  sensitized  bath  favours  the 
uniform  formation  of  a  Ni  shell  over  the  YSZ  core,  which  is  also 
supported  by  the  proposed  kinetic  model. 

4.5.2.  Surface  morphology 

Fig.  10  compares  the  optical  micrographs  of  the 
functional  anodes  prepared  with  transient  and  non-transient 
equilibrated  sensitized  bath  with  that  of  a  conventionally  pre¬ 
pared  cermet.  The  core-shell  microstructure  is  more  prominent 
in  Fig.  10a  due  to  better  sensitization  of  the  YSZ  particu¬ 
late  because  of  effective  surface  adsorption  in  comparison  with 
Fig.  10b.  This  difference  in  the  microstructure  is  due  to  the  fact 
that  in  the  first  case,  the  sensitized  bath  is  allowed  to  attain 
a  transient  equilibrium.  This  transient  equilibrated  sensitization 
process  helps  to  encapsulate  YSZ  by  freshly  adsorbed  Pd°  which 
is  evident  from  the  positive  value  of  the  effectiveness  factor  of  the 
proposed  kinetic  model.  Thus,  it  is  expected  that  because  of  the 
proper  shell  formation  in  this  case,  Ni  distribution  is  more  uni¬ 
form  across  the  thickness  of  the  shell  which,  in  turn,  enhances  the 
triple-phase  boundary  length  required  for  fuel  oxidation  at  the 
anode  side.  Compared  to  this  functional  anode,  the  microstruc¬ 
ture  observed  in  the  case  of  the  conventionally  prepared  cermet 
shown  in  Fig.  10c,  is  clearly  visible  as  dispersed  Ni  in  the  YSZ 
matrix.  Thus  high  energy  sonochemical  reaction  contributes  sig¬ 
nificantly  to  the  effective  surface  adsorption  of  Pd°  on  zirconia 
that  eventually  enhances  the  functionality  of  Ni-YSZ  cermet. 

5.  Conclusions 

Ni-YSZ  functional  anode  can  be  prepared  by  a  novel  elec¬ 
troless  technique  in  which  a  sensitization  process  is  the  key 
step  and  involves  surface  adsorption  of  Pd°  on  to  YSZ  partic¬ 
ulates.  A  sorption  kinetic  model  with  an  effectiveness  factor 
(r])  is  developed.  It  simplifies  evaluation  of  the  intra-particle 
mass  transfer  during  the  surface  adsorption  of  Pd°  on  8  mol% 
yttria  stabilized  zirconia  (YSZ)  powder  under  a  high  energy 
sonochemical  reaction.  Kinetic  parameters  such  as  effectiveness 
factor  (^),  time-dependent  sorption  capacity  (< qt )  and  equilibrium 
sorption  capacity  (ge)  change  with  the  particle  size  of  the  sor¬ 
bent  (YSZ).  The  reversible  sorption  kinetic  model  involves  two 
processes:  (i)  external  mass  transfer  and  (ii)  intra-particle  mass 
transfer.  The  initial  adsorption  is  preferably  governed  by  external 
mass  transfer  but  intra-particle  mass  transfer  phenomena  favour 
the  attainment  of  an  adsorption  equilibrium.  The  external  mass 
transfer  coefficient  depends  on  the  agitation  frequency  but  at  a 
high  value  of  16  kHz,  the  effect  of  external  mass  transfer  can  be 


neglected  after  attaining  equilibration.  In  this  particular  equilib¬ 
rium  adsorption  regime,  the  sorption  kinetics  depend  solely  on 
intra-particle  mass  transfer  since  the  sorption  of  Pd°  on  the  YSZ 
surface  is  an  example  of  physical  adsorption. 

Langmuir  isotherm  is  used  to  fit  the  adsorption  kinetics  in  the 
equilibrium  adsorption  region,  where  intra-particle  mass  transfer 
plays  a  major  role.  The  equilibrium  constant  ( K\ )  and  maxi¬ 
mum  adsorption  capacity  ( pm )  values  are  determined  from  the 
Langmuir  isotherm  plot.  The  effectiveness  factor  (if)  f°r  Pd° 
adsorption  is  found  to  be  positive  which  favours  the  forward 
adsorption  rate  in  the  equilibrium  region  where  intra-particle 
mass  transfer  is  the  rate-controlling  step.  For  preparation  of  a 
functional  cermet  anode  of  Ni-YSZ  that  is  applicable  for  fuel 
cell  anode  materials,  adsorbed  Pd°  on  zirconia  particulate  acts 
as  catalytically  active  sites  for  the  reduction  of  Ni2+  to  metallic 
Ni  followed  by  subsequent  formation  of  the  uniform  core-shell 
Ni-YSZ  cermet.  This  is  also  reflected  in  the  electrical  conduc¬ 
tivity  values  of  functional  anodes.  Conductivities  with  transient 
equilibrated  sensitized  YSZ  shows  a  prominence  of  Ni-shell 
formation  across  the  YSZ-core  and  are  correlated  with  opti¬ 
cal  micrographs.  The  experimental  results  validate  the  proposed 
sorption  kinetic  model  with  a  positive  effectiveness  factor  (f. 

Supplementary  data 

Expression  for  adsorbate  uptake  at  equilibrium. 
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